All distribution files are available from the IUCN database. Adapted data from the IUCN database used for analysis have been uploaded to the primary author\'s GitHub repository (<https://github.com/daniellederrickh>) under the repository title: SpatiallyCongruentSites_2020

Introduction {#sec001}
============

Species distributions are widely used to characterise and explain the patterns seen in biodiversity throughout the world and can be used to help identify places of conservation priority \[[@pone.0235559.ref001]--[@pone.0235559.ref003]\]. Species richness, defined as the number of different species in a given area, is generally greatest in the tropical latitudes \[[@pone.0235559.ref004]--[@pone.0235559.ref006]\]. Although this pattern is dominant in terrestrial systems, hotspots of species richness in the ocean can occur along productive frontal systems and subtropical boundary zones \[[@pone.0235559.ref006]--[@pone.0235559.ref008]\], many of which tend to result from the overlap of wider-ranging species \[[@pone.0235559.ref009]\]. Global assessments of biodiversity have previously focused on identifying priority areas based on total number of species alone \[[@pone.0235559.ref010]\], however there are other interpretations of species richness that have not yet been explored, such as evolutionary distinctiveness or endemicity.

Evolutionarily distinct (ED) species, defined as species that encompass the greatest share of evolutionary history, usually measured from the branch lengths of a phylogenetic tree \[[@pone.0235559.ref011]\], are also of conservation value \[[@pone.0235559.ref012]\]. Areas of high evolutionary distinctiveness are important to conservation because they can capture those species who embody unique forms, functions, and genomes \[[@pone.0235559.ref013]\]. For example, any one species of echidna embodies a greater fraction of the morphological, physiological, and ecological diversity of class Mammalia than any one species of the 2,000 or so species of rodents \[[@pone.0235559.ref012],[@pone.0235559.ref014]\]. In some lineages, especially sharks and rays, extinction risk is greatest in the species that embody the largest share of this evolutionary history because they exhibit traits, such as large body size, that render them intrinsically sensitive to threats such as hunting or overfishing \[[@pone.0235559.ref013],[@pone.0235559.ref015]--[@pone.0235559.ref017]\]. Endemicity is defined as those species that exist only in a defined geographic region \[[@pone.0235559.ref018]\]. Endemic species tend to merit high conservation priority because of their small geographical range sizes and low population numbers \[[@pone.0235559.ref019]\]. An influential analysis of threatened terrestrial endemics revealed that 44% of all endemic plants and 35% of endemic vertebrates occurred in only 2% of the global land area \[[@pone.0235559.ref018]\], demonstrating how an endemicity-centric approach can be incredibly spatially efficient in identifying areas for conservation. Identifying the geographical areas that harbor congregations for different richness metrics, such as total species, evolutionarily distinct species, or endemic species, have resulted in becoming a significant component of the terrestrial conservation agenda \[[@pone.0235559.ref018]\]. While there are numerous values that could be used to drive conservation, there is an urgency to conserve those threatened species that are at risk of extinction.

The 2020 Aichi biodiversity target to conserve 10% of coastal and marine areas drove a rapid expansion of marine protected areas, with the area covered rising from 0.67% of the world's oceans in 2000 to 6.4% in 2017 \[[@pone.0235559.ref020]\]. Within the newly drafted 2030 Kunming biodiversity framework, target 2 aims to "protect 30% of sites of particular interest on both land and sea" \[[@pone.0235559.ref021]\]. Now is the time to shape the rapidly developing 2030 agenda of biodiversity conservation by identifying areas that harbour the combination of the greatest richness, endemicity, and evolutionary distinctiveness \[[@pone.0235559.ref019],[@pone.0235559.ref022],[@pone.0235559.ref023]\], amongst the many other dimensions of biodiversity, as well as their threatened counterparts. In addition to shedding light on the distribution of species diversity (and across the different measures with which diversity can be defined), these identified areas can be used to inform regions of focus for subsequent systematic conservation planning exercises \[[@pone.0235559.ref024]\].

One quarter of all sharks, rays, and chimaeras (class Chondrichthyes; hereafter referred to as "sharks and rays") are categorized as threatened (Vulnerable, Endangered, or Critically Endangered) on the International Union for the Conservation of Nature's (IUCN) Red List of Threatened Species, or are predicted to be threatened based on their large body size and exposure to fisheries \[[@pone.0235559.ref025],[@pone.0235559.ref026]\]. Sharks and rays are among the most evolutionarily distinct vertebrate radiation of marine predators \[[@pone.0235559.ref027]\], and their slow life histories result in low population growth rates \[[@pone.0235559.ref028]--[@pone.0235559.ref030]\]. These features combine to render them highly sensitive to overfishing \[[@pone.0235559.ref025],[@pone.0235559.ref031]\]. The availability of comprehensive Red List Assessments and geographic distribution maps make sharks and rays a good case study to understand how marine species richness measures are spatially distributed and can be conserved most efficiently. There are few analyses that explore the spatial distribution and overlap of different biodiversity measures in the terrestrial realm and even fewer in the ocean. The terrestrial studies have all found a lack of spatial overlap occurring throughout a variety of different taxa (i.e. birds, insects, plants) \[[@pone.0235559.ref022],[@pone.0235559.ref032],[@pone.0235559.ref033]\]. While marine studies yield comparable patterns to the terrestrial realm, most focus on relatively sessile species (i.e. coral reefs) or on other dimensions of biodiversity (i.e. functional diversity) \[[@pone.0235559.ref005],[@pone.0235559.ref010]\].

Here, we use a global database of all known shark and ray distributions to explore the spatial congruency among three species richness measures: total number of species, ED species richness, and endemic species richness. Spatial congruence is defined here as the spatial overlap between hotspot areas. We also explore the level of spatial congruency of the species richness measures for threatened shark and ray species only because of their greater conservation urgency. Specifically, we examine the (1) overall spatial congruency among all species richness measures and the subset of threatened species, and (2) changes in spatial congruency according to different definitions of hotspot used, as well as different levels of spatial resolution.

Methods {#sec002}
=======

We obtained distribution maps for all known sharks, rays, and chimaeras in the class Chondrichthyes from the IUCN \[[@pone.0235559.ref025],[@pone.0235559.ref034]\]. All maps were projected with Lambert equal area for analysis. A global grid map was overlain at a cell resolution of 1° by 1°, equating to an approximate distance at the equator of 110 km. The global grid contains 44,181 cells after excluding terrestrial land masses, which are any cells containing land from the Environmental Systems Research Institute (ESRI) vector map of the world \[[@pone.0235559.ref035]\]. Across all species richness measures evaluated, each species is scored as present within a grid cell if any part of their distribution range falls within the grid cell boundaries. Total species richness (*n =* 1,083 spp.) was calculated as the total number of unique species within each grid cell. We consider all marine species together rather than separate coastal and pelagic species because many pelagic species are also neritic--occurring on the continental shelf. Hence, we have retained the pelagic species to capture the true richness and evolutionary distinctness of shelf seas. Evolutionary distinctiveness scores were calculated as the sum of the branch lengths of a species down to the root of the phylogenetic tree, with each branch inversely weighted by the number of species that it subtends \[[@pone.0235559.ref036],[@pone.0235559.ref037]\]. Species with longer branches and fewer relatives have higher evolutionary distinctiveness scores. ED species richness (*n* = 264 spp.) was defined as those species with the highest quartile of evolutionary distinctiveness scores (represented as age in millions of years) and is calculated as the total number of unique species per cell that are within the evolutionarily distinct upper quartile. Endemic species richness (*n* = 527 spp.) was calculated as the total number of unique species within each grid cell that have range sizes below the median of the range sizes of all species (i.e. 419,659 km^2^) \[[@pone.0235559.ref010],[@pone.0235559.ref038],[@pone.0235559.ref039]\]. To quantify total threatened species richness (*n* = 178 spp.), we counted the number of species within each grid cell that are currently listed as Vulnerable, Endangered, or Critically Endangered (i.e. threatened) according to the IUCN Red List Categories and Criteria \[[@pone.0235559.ref040]\]. Threatened endemic richness (*n =* 70 spp.) was calculated in the same way as endemic species richness, but subset to the IUCN threatened species only. Finally, threatened ED species are those ED species that have been classified by the IUCN as threatened (*n =* 49 spp.).

We defined richness hotspots as those containing the top 5% of richest cells for each of the biodiversity measures. Previous research has shown that the richest 1--5% of total land area can capture a substantial proportion of species \[[@pone.0235559.ref018],[@pone.0235559.ref041],[@pone.0235559.ref042]\]. We tested the extent of spatial congruency between shark and ray hotspots derived for all three species richness measures (i.e. total species, ED species, and endemic species), and between all three threatened subsets of the biodiversity measures. Extent of spatial overlap between hotspots was calculated using the following equation \[[@pone.0235559.ref022]\]: $$Total\ proportion\ of\ overlap = \frac{{\sum C}_{n}}{{\sum A}_{n}}$$

Where *C* is equal to the areas of congruence for each species richness measure, *A* the total distributional area of species richness measure hotspots, and *n* the number of species richness measures used to calculate congruence. To explore our original choice of hotspot (5%) or choice of spatial resolution (1°), we also calculated spatial overlap for two different definitions of hotspot (richest 2.5% and 10% of cells), and two levels of coarser spatial resolution (4° and 8° grid cells). All analyses were carried out using ArcGIS Pro 2.4.3 \[[@pone.0235559.ref043]\] and R v.3.6.1 \[[@pone.0235559.ref044],[@pone.0235559.ref045]\].

Results {#sec003}
=======

In general, the distributional patterns of total and ED species richness spanned the global ocean environment while endemic species were confined to the coastlines ([Fig 1](#pone.0235559.g001){ref-type="fig"}; [S1](#pone.0235559.s001){ref-type="supplementary-material"} and [S2](#pone.0235559.s002){ref-type="supplementary-material"} Figs). We focus our presentation of results and discussion of overall biodiversity patterns and congruency on the 5% definition criterion over all three resolutions (1°, 4°, and 8°). The results did not greatly differ between the three definitions of species richness hotspot ([Fig 2](#pone.0235559.g002){ref-type="fig"}; [S3](#pone.0235559.s003){ref-type="supplementary-material"}--[S11](#pone.0235559.s011){ref-type="supplementary-material"} Figs; [S1 Table](#pone.0235559.s014){ref-type="supplementary-material"}). Biodiversity hotspots for all shark and ray species were greatest near the equatorial coastlines for all measures except endemic species richness ([Fig 3](#pone.0235559.g003){ref-type="fig"}). There are clear deviations from the well-known latitude-richness relationship, with no species richness hotspots present around equatorial coastlines (i.e. East Africa, Central Brazil, and Central America) and some richness hotspots occurring in high latitude locations, particularly in the southern hemisphere (notably South Africa, Atlantic South America, and Australia; [Fig 3A](#pone.0235559.g003){ref-type="fig"}). These biodiversity patterns are more apparent for the subset of threatened species only ([Fig 3D--3F](#pone.0235559.g003){ref-type="fig"}). The distribution of ED species is broadly similar to the total richness pattern, but with a notable deficit along the northern coast of South America, particularly the Northwest Atlantic and eastern Pacific coastlines ([Fig 3A and 3B](#pone.0235559.g003){ref-type="fig"}). The anti-tropical distribution of endemicity hotspots is most strongly present in the southern hemisphere ([Fig 3C and 3F](#pone.0235559.g003){ref-type="fig"}).

![Global biodiversity patterns for three measures of species richness at 1° resolution.\
General richness for (a) total species, (b) evolutionarily distinct (ED) species, and (c) endemic species. (d-f) Threatened subsets of richness patterns for (d) total species, (e) evolutionarily distinct (ED) species, and (f) endemic species. Geographic coordinate system is in NAD83, projected coordinate system is Lambert equal area. The data used for this figure under CC BY license is granted permission from the International Union for the Conservation of Nature (IUCN), original copyright 2011.](pone.0235559.g001){#pone.0235559.g001}

![Spatial congruency (measured as percent overlap) of shark hotspots between three species richness measures: Total species, evolutionary distinct (ED) species, and endemic species.\
Congruency shown for hotspot definition of the richest 5% of cells and three levels of spatial resolution: 1°, 4°, and 8°. The subsets of threatened species across species richness measures are indicated in red.](pone.0235559.g002){#pone.0235559.g002}

![Biodiversity hotspots derived for three measures of species richness.\
General richness hotspots of (a) total species, (b) evolutionarily distinct (ED) species, and (c) endemic species. Richness hotspots of the threatened subset for (d) total species, (e) evolutionarily distinct (ED) species, and (f) endemic species. For each species richness measures, hotspots are defined as the richest 5% of grid cells. Geographic coordinate system is in NAD83, projected coordinate system is Lambert equal area, grid cell resolution is 1°. The data used for this figure under CC BY license is granted permission from the International Union for the Conservation of Nature (IUCN), original copyright 2011.](pone.0235559.g003){#pone.0235559.g003}

In general, there was very low spatial congruence when comparing the hotspots of all three species richness measures (total species, ED species, endemic species; [S1 Table](#pone.0235559.s014){ref-type="supplementary-material"}). Cumulatively, all three biodiversity hotspots (for 1° resolution at 5% richest cells) occupied an area of 32,162,358 km^2^, of which only 5.78% (1,859,971 km^2^) were spatially congruent between all three hotspots (orange cells; [Fig 4A](#pone.0235559.g004){ref-type="fig"}). These eight areas of congruency occurred off the coasts of: (1) Northern Mexico Gulf of California, (2) USA Gulf of Mexico, (3) Ecuador, (4) Uruguay and southern Brazil, (5) South Africa, southern Mozambique, and southern Namibia, (6) Japan, Taiwan, and parts of southern China, and (7) eastern and western Australia ([Fig 4B--4E](#pone.0235559.g004){ref-type="fig"}), and in total contain over half (64%) of all marine sharks and rays. The hotspots calculated for the subset of threatened species followed a similar pattern, albeit with considerably lower spatial congruency. The hotspots derived from all biodiversity measures (at 1° resolution) for threatened species only covered a cumulative area of 28,839,224 km^2^ with a mere 1.51% (436,506 km^2^) of overlap between the three biodiversity hotspots ([Fig 5A](#pone.0235559.g005){ref-type="fig"}). The 1.51% of overlap occurred off the coasts of: (1) Brazil and Uruguay (making up nearly two thirds of the total area; 286,767 km^2^), (2) South Africa, (3) Taiwan, and (4) eastern Australia ([Fig 5B--5E](#pone.0235559.g005){ref-type="fig"}). In total, these areas of overlap comprise 37% of all marine shark and ray species.

![(a) Spatial congruence between global hotspots (defined at richest 5% of all grid cells) of three species richness measures: total species (purple), evolutionarily distinct (ED) species (green), and endemic species (red). Spatial congruence between hotspots derived for all three measures are represented by orange cells. Map insets highlighting specific areas of overlap: (b) North and South America, (c) southern Namibia, South Africa, and southern Mozambique, (d) Japan, Taiwan, and parts of southern China, and (e) Australia. Areas of congruence between total species richness and ED species richness are in blue. Grid cell resolution is 1°. The data used for this figure under CC BY license is granted permission from the International Union for the Conservation of Nature (IUCN), original copyright 2011.](pone.0235559.g004){#pone.0235559.g004}

![(a) Spatial congruence between threatened global hotspots (defined at richest 5% of grid cells) of three species richness measures: total species (purple), evolutionarily distinct (ED) species (green), and endemic species (red). Spatial congruence between hotspots derived for all three measures are represented by orange cells. Map insets highlighting specific areas of overlap (b) southern Brazil and Uruguay, (c) parts of South Africa, (d) Taiwan, and (e) eastern Australia. Areas of overlap between total species richness and ED species richness are in blue. Grid cell resolution is 1°. The data used for this figure under CC BY license is granted permission from the International Union for the Conservation of Nature (IUCN), original copyright 2011.](pone.0235559.g005){#pone.0235559.g005}

Of all pairwise comparisons of spatial overlap, congruency between total number of species and ED species of all shark and ray species was consistently the highest (average of \~43%), and this remained true across all definitions of hotspot, as well as levels of spatial resolution ([Fig 2](#pone.0235559.g002){ref-type="fig"}; [S3 Fig](#pone.0235559.s003){ref-type="supplementary-material"}; [S1 Table](#pone.0235559.s014){ref-type="supplementary-material"}). Conversely, spatial overlap between total number of species and endemic species of all shark and ray species remained at approximately half (average of \~20%) of the total species and ED species overlap across all definitions and resolutions of hotspot ([Fig 2](#pone.0235559.g002){ref-type="fig"}; [S3 Fig](#pone.0235559.s003){ref-type="supplementary-material"}; [S1 Table](#pone.0235559.s014){ref-type="supplementary-material"}). ED species and endemic species overlap followed similar low congruency trends (average of \~17%) to that of total species and endemic species ([Fig 2](#pone.0235559.g002){ref-type="fig"}; [S3 Fig](#pone.0235559.s003){ref-type="supplementary-material"}; [S1 Table](#pone.0235559.s014){ref-type="supplementary-material"}). The threatened species subset had similar results where ED hotspots had the highest percent of overlap with total species richness, averaging \~6% across all definitions of hotspot and levels of spatial resolution ([Fig 2](#pone.0235559.g002){ref-type="fig"}; [S3 Fig](#pone.0235559.s003){ref-type="supplementary-material"}; [S1 Table](#pone.0235559.s014){ref-type="supplementary-material"}). Correspondingly, spatial overlap of total species and endemic species as well as ED species and endemic species of threatened shark and ray species only, were consistently lower than congruency of total species and ED species, averaging \~4% and \~4.5% across all definitions of hotspot and levels of spatial resolutions ([Fig 2](#pone.0235559.g002){ref-type="fig"}; [S3 Fig](#pone.0235559.s003){ref-type="supplementary-material"}; [S1 Table](#pone.0235559.s014){ref-type="supplementary-material"}). Similar to the total species results, the highest degree of overlap for the threatened species richness subset was between total species and ED species ([Fig 2](#pone.0235559.g002){ref-type="fig"}; [S3 Fig](#pone.0235559.s003){ref-type="supplementary-material"}; [S1 Table](#pone.0235559.s014){ref-type="supplementary-material"}).

Our results showed that changing the definition of hotspot resulted in a minor increase in congruency between all three species richness measures, with the extent of spatial overlap still remaining relatively low ([Fig 6A--6C](#pone.0235559.g006){ref-type="fig"}; [S12A--S12C Fig](#pone.0235559.s012){ref-type="supplementary-material"} and [S13A--S13C Fig](#pone.0235559.s013){ref-type="supplementary-material"}). For example, when redefining hotspots as the richest 10% of cells, the overlap increased slightly from 5.78 to 6.38% ([S1 Table](#pone.0235559.s014){ref-type="supplementary-material"}). Spatial overlap for the subset of threatened species reflected similar results between hotspot definition, again displaying a minor increase when the definition of hotspot was increased ([Fig 6D--6F](#pone.0235559.g006){ref-type="fig"}; [S12D--S12F Fig](#pone.0235559.s012){ref-type="supplementary-material"} and [S13D--S13F Fig](#pone.0235559.s013){ref-type="supplementary-material"}). For example, at 1° resolution, increases in spatial overlap between the 2.5% of richest cells, 5% of richest cells, and 10% of richest cells were minor (1.04%, 1.51%, and 1.93% overlap, respectively; [S1 Table](#pone.0235559.s014){ref-type="supplementary-material"}).

![Spatially congruent areas between biodiversity hotspots derived from different species richness measures represented as the richest 5% of grid all cells.\
Spatially congruent areas between total species, evolutionarily distinct (ED) species, and endemic species at resolution levels of (a) 1°, (b) 4°, and (c) 8°, and (d-f) congruent areas for the threatened species subsets at each corresponding resolution level. The data used for this figure under CC BY license is granted permission from the International Union for the Conservation of Nature (IUCN), original copyright 2011.](pone.0235559.g006){#pone.0235559.g006}

Increasing the cell size from 1° to 8° led to 13.42% of hotspots being congruent, resulting in a greater than two-fold increase in congruency for all species (5.78% at 1° resolution), and the largest percentage of coverage contained within the country boundaries of Australia (44%), South Africa (21%), and southern Brazil and Uruguay (9.5%; [Fig 6A](#pone.0235559.g006){ref-type="fig"}; [S1 Table](#pone.0235559.s014){ref-type="supplementary-material"}). This increase in cell size also shifted the dominant locations of hotspot overlap ([Fig 6A--6C](#pone.0235559.g006){ref-type="fig"}). At a 4° resolution, areas of congruence disappeared from the coasts of Mexico and Ecuador, shifting to more representation in the USA, Colombia, and Panama ([Fig 6B](#pone.0235559.g006){ref-type="fig"}). At an 8° resolution, the spatial congruence disappeared altogether from the coasts of Brazil ([Fig 6C](#pone.0235559.g006){ref-type="fig"}). Similar results were seen in the threatened species subsets; despite overall low spatial overlap between levels of resolution, overlap increased marginally between 1°, 4°, and 8° cell size (1.51%, 2.15%, and 2.50% overlap, respectively; [S1 Table](#pone.0235559.s014){ref-type="supplementary-material"}). Spatially congruent areas between the threatened subsets were predominantly found off the coasts of southern Brazil and Uruguay (66%), which was consistent across all levels of spatial resolution examined ([Fig 6D--6F](#pone.0235559.g006){ref-type="fig"}). Contrastingly, these congruent areas of threatened species were present in Taiwan and Australia at 1° resolution, and South Africa at 1° and 4° ([Fig 6D--6F](#pone.0235559.g006){ref-type="fig"}). At 8° resolution, congruency locations for threatened species no longer corresponded at all with the areas of congruency identified for all shark and ray species ([Fig 6C and 6F](#pone.0235559.g006){ref-type="fig"}).

Discussion {#sec004}
==========

We describe four major findings. First, there was low overall spatial congruency when comparing the hotspots of all three measures of species richness (total species, ED species, and endemic species), offering a small area of focus for future conservation planning exercises. Even though those areas of spatial congruency are small in extent, they comprise approximately two thirds (64%) of all shark and ray species. Second, when comparing congruency pairwise between different species richness measures, ED species richness had the highest percent of overlap with total species richness, irrespective of spatial resolution or hotspot definition. These two findings were consistent for all shark and ray species, as well as for the subset of threatened species only. Third, congruency across the three richness measures for all threatened species is relatively insensitive to hotspot definitions (from 2.5% to 10% of richest cells) and was consistently low across these definitions. Fourth, increasing cell size (from 1° to 8°) lead to a two-fold increase in congruency between all species richness measures generally. These results have implications for shark and ray biodiversity, our knowledge of the different dimensions of biodiversity and how they can differ through space, and the effect of resolution in understanding spatial congruency.

In contrast to Küper et al. \[[@pone.0235559.ref046]\], who demonstrated that there was a higher congruence of plant biodiversity when hotspot was redefined, we found that the extent of spatial congruency identified was low overall for the three measures of richness (total species, ED, endemic species) for all shark and ray species and the threatened species only. These results highlight considerable differences in the spatial distribution patterns of some biodiversity hotspots for sharks and rays, depending on the species richness measure used. The low congruency we have found between different measures of richness caution that it might be inappropriate to use total species richness as the sole feature of biodiversity to focus conservation attention towards. Our findings highlight that hotspots identified with other desirable species richness measures can be lost if there is a sole focus on total species richness, which has been a common strategy in identifying important areas for conservation \[[@pone.0235559.ref010],[@pone.0235559.ref047]\]. If congruency among these hotspots identified with the different richness measures were high, then it would be reasonable to assume that relying on any one measure would be adequate to determine important areas for conservation that represented all three richness measures. However, our results demonstrate that this is not the case, and that not considering certain species richness measures can result in the exclusion of important features of biodiversity for conservation attention (e.g. endemic, threatened, evolutionarily distinct species). The low level of spatial congruency between the species richness measures also means that a relatively small fraction of the world's ocean area could provide a tractable focal point for global shark and ray conservation. However, we caution that this kind of focal conservation strategy would still need to account for the opportunities and challenges presented by differing social, economic and cultural contexts \[[@pone.0235559.ref048],[@pone.0235559.ref049]\], in addition to the abundance, dispersal abilities, and activity patterns of the wide range of shark and ray species \[[@pone.0235559.ref050]\].

Interestingly, there was a relatively high spatial overlap of 43% between the hotspots identified for ED species richness and total species richness, when considering all shark and ray species. For the threatened species however, this overlap was considerably lower, at 4.02%. This finding of high congruency is supported by the suggestion that areas of high total species richness tend to be made-up of wide-ranging species, a characteristic commonly found in evolutionarily distinct species \[[@pone.0235559.ref009]\]. It is also potentially of little surprise that ED species overlap highly with total species richness because sharks and rays are one of the most evolutionarily diverse species groups with the average species embodying over 26 million years of shared unique evolutionary history \[[@pone.0235559.ref027]\]. Furthermore, until the last decade, it was believed that areas of high total species richness harboured both a high number of endemic and threatened species for two reasons: (1) those areas experience greater levels of threatening processes such habitat transformation and exploitation, and (2) they are likely to be inhabited by species that are on average at a greater risk to these threatening processes \[[@pone.0235559.ref001],[@pone.0235559.ref051]\]. More recently however, Orme et al. \[[@pone.0235559.ref022]\] demonstrated weak relationships of congruence between threat and total species richness from terrestrial avian fauna, further highlighting the necessity of using different types of species richness measures to identify important areas for biodiversity conservation \[[@pone.0235559.ref022]\]. Our study is one of the first to demonstrate a relatively high degree of spatial congruence between hotspots of ED species richness and total species richness of all shark and ray species, as compared to the overlap of endemic species and total species.

The areas of spatial congruence for total and threatened shark and ray species cluster around coastal waters, while endemic species are primarily found at the convergent boundaries of tropical and temperate ecosystems. These warm reef environments at the convergent boundaries have been known to serve as hotspots for species evolution due to their high productivity and habitat complexity \[[@pone.0235559.ref052],[@pone.0235559.ref053]\]. In most cases, these areas of overlap are also found within the bounds of a country's exclusive economic zone (EEZ), which have also been flagged as hotspots of functional diversity in sharks \[[@pone.0235559.ref005]\]. The species richness measures examined in this paper only represent a small aspect of biodiversity and do not take into account other measures, such as functional diversity. Functional diversity is known to be crucial in maintaining the structure and function of marine ecosystems \[[@pone.0235559.ref054]\] and would likely also yield similarly incongruent hotspots. Ultimately, a future study could expand on our findings by exploring the extent of spatial congruency between other biodiversity metrics, such as functional diversity in all sharks and rays.

Studies that consider different levels of spatial resolutions have considered only one level of resolution that are either smaller (e.g. ≤ 1°) \[[@pone.0235559.ref005],[@pone.0235559.ref023],[@pone.0235559.ref055]\] or larger (e.g. ≥ 8°) \[[@pone.0235559.ref004]\] than those assessed in our study, missing the potential differences that could occur between the two. Our findings demonstrate that there are differences between these two levels of spatial resolution. We found that a reduction in resolution (i.e. larger sampling units, such as grid cells here) influenced global patterns of species richness hotspots for all sharks and rays. For example, at a coarse resolution (here, 8° cells), if an individual species' range slightly crossed the boundary of an 8° grid cell, its distribution would now be considered to encompass the entirety of that 8° cell as opposed to its true smaller fraction. The coarsening of hotspots and shifting of congruency locations resulting from coarser resolutions causes congruency locations to disappear where they were otherwise present at finer resolutions (i.e. Brazil and Uruguay; [Fig 6](#pone.0235559.g006){ref-type="fig"}). Previous work on riparian weeds also found that coarser resolutions were unable to model fine-scale distributions successfully and were also poor predictors of national species' distributions \[[@pone.0235559.ref056]\]. Overall, our results support the well-known finding that changes in spatial resolution can influence results in spatial analyses. Different areas of congruency identified at various spatial resolutions can make it difficult for conservation management to direct focus to any particular area but demonstrates the importance of explicitly considering spatial resolution when determining important areas to further investigate for conservation priority. Furthermore, there are now numerous studies that examine how to integrate conservation planning across multiple levels of resolution \[[@pone.0235559.ref057]--[@pone.0235559.ref059]\].

It is important to note the caveats of the distributional dataset used for this study. The IUCN species distribution map database was created from peer-reviewed, expert-generated maps around known locations of species distributions \[[@pone.0235559.ref025]\]. Experts from the IUCN Shark Specialist Group (SSG) created a shapefile of the geographic distribution for each chondrichthyan species based on the original maps provided to the Food and Agriculture Organisation of the United Nations, using the standard mapping protocol for marine species devised by the IUCN Global Marne Species Assessment team (<https://sites.wp.odu.edu/GMSA/>). The maps show the Extent of Occurrence of the species cut to one of several standardized basemaps depending on the ecology of the species (i.e. coastal and continental shelf, pelagic, and deepwater). The original maps were updated, corrected, or verified by experts at the Red List workshops or by out-of-session assessors and SSG staff \[[@pone.0235559.ref025]\]. These maps are likely to contain commission rather than omission errors such that a species is shown to be present in an area when in fact it is not \[[@pone.0235559.ref060]\]. Commission errors can be problematic for hotspot identification because they risk identifying areas that are not true hotspots and directing valuable and limited conservation resources to those untrue hotspot areas \[[@pone.0235559.ref061]\]. Omission errors risk missing true hotspot areas of richness and therefore true areas of congruency between the different species richness metrics. Omission errors can also result in a reduction of spatial options available when it comes to systematic conservation planning \[[@pone.0235559.ref062]\]. Aqua-maps can be used as an alternative or complementary data source to the IUCN distribution maps, they are created using habitat suitability models based on point distribution data and thus give an indication of probabilities of species occurrence across the distribution ranges \[[@pone.0235559.ref063]\]. However, these models are rarely vetted by taxonomists that understand the biology and geographical distribution and veracity of point records. Although the IUCN distributional data are not without limitations, they are currently the most comprehensive datasets for studying shark and ray biodiversity patterns in the ocean. While we recognize there have been range contractions, our approach is to identify the historic pattern of richness for each species and demonstrate a baseline understanding of global shark and ray biodiversity \[[@pone.0235559.ref064],[@pone.0235559.ref065]\]. These maps are continually refined with routine updates of global species catalogues and field guides, lending scope to conduct more refined global analyses in future studies \[[@pone.0235559.ref066]--[@pone.0235559.ref069]\].

Although this was in essence a global analysis, the low richness and wide ranging nature of species inevitably means no hotspots were found in the pelagic ecosystem. Furthermore, endemic species richness tends to be strictly coastal, unless defined differently than the one used in this study. Therefore, future work can examine the identification of hotspot areas of species richness measures and their corresponding areas of spatial congruency when coastal and pelagic ecosystems are analyzed independently. A lack of spatial congruency among the three species richness measures also opens up future work to explore the potential differences in environmental and evolutionary drivers of individual species richness measures, at varying spatial extents. For example, at smaller extents (e.g. local) species have been known to be influenced by local attributes like competition, and habitat availability, whereas at large extents (e.g. global) it is hypothesized that environmental variables have a stronger relationship with global species patterns \[[@pone.0235559.ref008],[@pone.0235559.ref070],[@pone.0235559.ref071]\]. In conclusion, the lack of spatial congruency between different species richness measures (and likely other biodiversity measures) could provide a global informative perspective on areas that merit further attention where management could focus their efforts for the conservation of shark and ray biodiversity, especially in preparation for the 2030 Kunming Targets. The low level of spatial congruency means that the eight places with spatial overlap in all three measures of species richness might provide a useful starting point to direct conservation planning, Marine Protected Area designation, and improved fisheries management and secure a future for sharks and rays.

Supporting information {#sec005}
======================

###### Global biodiversity patterns for three measures of species richness at 4° resolution.

General richness for (a) total species, (b) evolutionarily distinct (ED) species, and (c) endemic species. (d-f) Threatened subsets of richness patterns for (d) total species, (e) evolutionarily distinct (ED) species, and (f) endemic species. Geographic coordinate system is in NAD83, projected coordinate system is lambert equal area. The data used for this figure under CC BY license is granted permission from the International Union for the Conservation of Nature (IUCN), original copyright 2011.

(DOCX)

###### 

Click here for additional data file.

###### Global biodiversity patterns for three measures of species richness at 8° resolution.

General richness for (a) total species, (b) evolutionarily distinct (ED) species, and (c) endemic species. (d-f) Threatened subsets of richness patterns for (d) total species, (e) evolutionarily distinct (ED) species, and (f) endemic species. Geographic coordinate system is in NAD83, projected coordinate system is lambert equal area. The data used for this figure under CC BY license is granted permission from the International Union for the Conservation of Nature (IUCN), original copyright 2011.

(DOCX)

###### 

Click here for additional data file.

###### Spatial congruency (measured as percent overlap) of shark hotspots between three species richness measures: Total species, evolutionary distinct (ED) species, and endemic species.

Congruency is represented at two levels of hotspot definition: (a) 2.5% and (b) 10%, and three levels of spatial resolution: 1°, 4°, and 8°. The subset of threatened species only are indicated in red.

(DOCX)

###### 

Click here for additional data file.

###### Biodiversity hotspots derived for three measures of species richness.

General richness hotspots of (a) total species, (b) evolutionarily distinct (ED) species, and (c) endemic species. (d-f) Threatened subset of richness hotspots for (d) total species, (e) evolutionarily distinct (ED) species, and (f) endemic species. For each species richness measures, hotspots are defined as the richest 2.5% of grid all cells. Geographic coordinate system is in NAD83, projected coordinate system is lambert equal area, grid cell resolution is 1°. The data used for this figure under CC BY license is granted permission from the International Union for the Conservation of Nature (IUCN), original copyright 2011.

(DOCX)

###### 

Click here for additional data file.

###### Biodiversity hotspots derived for three measures of species richness.

General richness hotspots of (a) total species, (b) evolutionarily distinct (ED) species, and (c) endemic species. (d-f) Threatened subset of richness hotspots for (d) total species, (e) evolutionarily distinct (ED) species, and (f) endemic species. For each species richness measures, hotspots are defined as the richest 10% of grid cells. Geographic coordinate system is in NAD83, projected coordinate system is lambert equal area, grid cell resolution is 1°. The data used for this figure under CC BY license is granted permission from the International Union for the Conservation of Nature (IUCN), original copyright 2011.

(DOCX)

###### 

Click here for additional data file.

###### Biodiversity hotspots derived for three measures of species richness.

General richness hotspots of (a) total species, (b) evolutionarily distinct (ED) species, and (c) endemic species. (d-f) Threatened subset of richness hotspots for (d) total species, (e) evolutionarily distinct (ED) species, and (f) endemic species. For each species richness measures, hotspots are defined as the richest 2.5% of grid cells. Geographic coordinate system is in NAD83, projected coordinate system is lambert equal area, grid cell resolution is 4°. The data used for this figure under CC BY license is granted permission from the International Union for the Conservation of Nature (IUCN), original copyright 2011.

(DOCX)

###### 

Click here for additional data file.

###### Biodiversity hotspots derived for three measures of species richness.

General richness hotspots of (a) total species, (b) evolutionarily distinct (ED) species, and (c) endemic species. (d-f) Threatened subset of richness hotspots for (d) total species, (e) evolutionarily distinct (ED) species, and (f) endemic species. For each species richness measures, hotspots are defined as the richest 5% of grid cells. Geographic coordinate system is in NAD83, projected coordinate system is lambert equal area, grid cell resolution is 4°. The data used for this figure under CC BY license is granted permission from the International Union for the Conservation of Nature (IUCN), original copyright 2011.

(DOCX)

###### 

Click here for additional data file.

###### Biodiversity hotspots derived for three measures of species richness.

General richness hotspots of (a) total species, (b) evolutionarily distinct (ED) species, and (c) endemic species. (d-f) Threatened subset of richness hotspots for (d) total species, (e) evolutionarily distinct (ED) species, and (f) endemic species. For each species richness measures, hotspots are defined as the richest 10% of grid cells. Geographic coordinate system is in NAD83, projected coordinate system is lambert equal area, grid cell resolution is 4°. The data used for this figure under CC BY license is granted permission from the International Union for the Conservation of Nature (IUCN), original copyright 2011.

(DOCX)

###### 

Click here for additional data file.

###### Biodiversity hotspots derived for three measures of species richness.

General richness hotspots of (a) total species, (b) evolutionarily distinct (ED) species, and (c) endemic species. (d-f) Threatened subset of richness hotspots for (d) total species, (e) evolutionarily distinct (ED) species, and (f) endemic species. For each species richness measures, hotspots are defined as the richest 2.5% of grid cells. Geographic coordinate system is in NAD83, projected coordinate system is lambert equal area, grid cell resolution is 8°. The data used for this figure under CC BY license is granted permission from the International Union for the Conservation of Nature (IUCN), original copyright 2011.

(DOCX)

###### 

Click here for additional data file.

###### Biodiversity hotspots derived for three measures of species richness.

General richness hotspots of (a) total species, (b) evolutionarily distinct (ED) species, and (c) endemic species. (d-f) Threatened subset of richness hotspots for (d) total species, (e) evolutionarily distinct (ED) species, and (f) endemic species. For each species richness measures, hotspots are defined as the richest 5% of grid cells. Geographic coordinate system is in NAD83, projected coordinate system is lambert equal area, grid cell resolution is 8°. The data used for this figure under CC BY license is granted permission from the International Union for the Conservation of Nature (IUCN), original copyright 2011.

(DOCX)

###### 

Click here for additional data file.

###### Biodiversity hotspots derived for three measures of species richness.

General richness hotspots of (a) total species, (b) evolutionarily distinct (ED) species, and (c) endemic species. (d-f) Threatened subset of richness hotspots for (d) total species, (e) evolutionarily distinct (ED) species, and (f) endemic species. For each species richness measures, hotspots are defined as the richest 10% of grid cells. Geographic coordinate system is in NAD83, projected coordinate system is lambert equal area, grid cell resolution is 8°. The data used for this figure under CC BY license is granted permission from the International Union for the Conservation of Nature (IUCN), original copyright 2011.

(DOCX)

###### 

Click here for additional data file.

###### Spatially congruent areas between biodiversity hotspots derived from different species richness measures represented as the richest 2.5% of grid cells.

Spatially congruent areas between total species, ED species, and endemic species at (a) 1° resolution, (b) 4° resolution, and (c) 8° resolution, and (d-f) for the subset of threatened species, corresponding to resolution levels of (a-c). The data used for this figure under CC BY license is granted permission from the International Union for the Conservation of Nature (IUCN), original copyright 2011.

(DOCX)

###### 

Click here for additional data file.

###### Spatially congruent areas between biodiversity hotspots derived from different species richness measures represented as the richest 10% of grid cells.

Spatially congruent areas between total species, ED species, and endemic species at (a) 1° resolution, (b) 4° resolution, and (c) 8° resolution, and (d-f) for the subset of threatened species, corresponding to resolution levels of (a-c). The data used for this figure under CC BY license is granted permission from the International Union for the Conservation of Nature (IUCN), original copyright 2011.

(DOCX)

###### 

Click here for additional data file.

###### Spatial congruency (measured as percent overlap) of shark and ray hotspots between three species richness measures: Total species, evolutionary distinct (ED) species, and endemic species.

Congruency is compared between three levels of spatial resolution: 1°, 4°, and 8°, for total number of species and the subset of threatened species, and at three levels of defining hotspot (2.5%, 5%, and 10% of richest cells).

(DOCX)

###### 

Click here for additional data file.
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**Comments to the Author**

1\. Is the manuscript technically sound, and do the data support the conclusions?

The manuscript must describe a technically sound piece of scientific research with data that supports the conclusions. Experiments must have been conducted rigorously, with appropriate controls, replication, and sample sizes. The conclusions must be drawn appropriately based on the data presented.

Reviewer \#1: Yes

Reviewer \#2: Yes

\*\*\*\*\*\*\*\*\*\*

2\. Has the statistical analysis been performed appropriately and rigorously?

Reviewer \#1: Yes

Reviewer \#2: N/A

\*\*\*\*\*\*\*\*\*\*

3\. Have the authors made all data underlying the findings in their manuscript fully available?

The [PLOS Data policy](http://www.plosone.org/static/policies.action#sharing) requires authors to make all data underlying the findings described in their manuscript fully available without restriction, with rare exception (please refer to the Data Availability Statement in the manuscript PDF file). The data should be provided as part of the manuscript or its supporting information, or deposited to a public repository. For example, in addition to summary statistics, the data points behind means, medians and variance measures should be available. If there are restrictions on publicly sharing data---e.g. participant privacy or use of data from a third party---those must be specified.

Reviewer \#1: No

Reviewer \#2: Yes

\*\*\*\*\*\*\*\*\*\*

4\. Is the manuscript presented in an intelligible fashion and written in standard English?

PLOS ONE does not copyedit accepted manuscripts, so the language in submitted articles must be clear, correct, and unambiguous. Any typographical or grammatical errors should be corrected at revision, so please note any specific errors here.

Reviewer \#1: Yes

Reviewer \#2: Yes

\*\*\*\*\*\*\*\*\*\*

5\. Review Comments to the Author

Please use the space provided to explain your answers to the questions above. You may also include additional comments for the author, including concerns about dual publication, research ethics, or publication ethics. (Please upload your review as an attachment if it exceeds 20,000 characters)

Reviewer \#1: A review of "Spatially congruent sites of importance for global shark and ray biodiversity"

This manuscript describes important research pertaining to the spatial congruency of marine hotspots for Chondrichthyan species and has timely applications to the development of conservation plans for the 2030 Kunming Targets. In addition to being a valuable contribution to the scientific community, the manuscript is clear, concisely written, and I believe it will be accessible to all PLOS One readers. As such I recommend that this this manuscript should be accepted for publication pending minor revisions, which I have listed here:

\- As per the PLOS One requirements I need to make a note that the data used in this manuscript have not been provided to the reader in the manuscript, supplementary materials, or in a repository (though the authors did explain where the data came from and noted that they will be provided once the manuscript is accepted)

\- The authors use the terms "congruence" and "congruency" throughout the manuscript, but they are not clearly defined. I think it would improve the readability of the manuscript if the authors would clearly define these terms (e.g. Line 142)

\- Line 67: there may be an extra space between the words "is defined"

\- Lines 69-73: this sentence is a bit of a run-on and is confusing to read so I suggest the authors revise it.

\- Lines 73-74: "species congregations of total species richness" is also confusing to read, I'd suggest the authors rephrase this section of the sentence.

\- Line 166: remove words "were obtained"

\- Figure 1: I don't believe showing all 9 plots is necessary in the main manuscript. I'd suggest only keeping the plots that are essential to understanding the results (i.e. the 5% plots for each resolution) and to move the remainder of the plots to the supplementary section. Additionally, I think the addition of minor ticks on the y axis would improve readability of these plots.

\- Line 158: please clarify what resolution you are referring to

\- Line 169: typo? I think the authors meant 2F

\- Figure 2: Unless this is opposed by PLOS One's formatting requirements, I think the addition of subheadings describing each map would help to clarify this figure.

\- Line 185: Where is Table 1? I suspect this is a typo and it should say S1? If this is not a typo Table 1 was missing from the reviewer materials. Table 1 is also mentioned on lines 236, 241, and 252.

\- Line 195: space missing between "The" and "1.51%"

\- Figure 3 & 4 (and corresponding supplementary figures): I think adding a colour legend to the maps would help to clarify the figures (instead of identifying different colours in individual maps)

\- Figure 5 (and corresponding supplementary figures): The yellow colour chosen here is hard to see, especially when only a few cells are coloured (such as in East Asia). If the authors could change the colour to something more readable (perhaps a darker orange) it would greatly improve the figures. I think subheading would greatly help here as well (if possible).

Reviewer \#2: Overview:

This paper presents a well-written and very straightforward overlap analysis between different diversity measures for elasmobranchs, i.e. shark, rays and chimeras. It addresses a question that has been asked and answered for other species groups but not yet for elasmobranchs: whether hotspots of species richness also capture evolutionarily distinct, endemic or threatened species reasonably well. The authors find that evolutionary distinctiveness is well captured by total richness, but endemicity less so, and threatened species even less so. This adds to an ongoing discussion about using species richness as a proxy for conservation planning. The authors also identify a few areas where all measures overlap well; although these areas are small in extent they cover almost two thirds (64%) of all elasmobranch species. I think more could be made of this latter finding, which actually surprised me. These results is highly relevant for global conservation planning.

Major concerns:

My two major concerns are as follows:

1\. The analysis is entirely focused on coastal species, because most of elasmobranch diversity is coastal. Earlier work has shown, however, that coastal and pelagic species show very different diversity patterns (e.g. Tittensor et al. 2010, Nature). They also likely face different threats and are managed by different entities (i.e. national governments vs. RFMOs). Therefore I think that the analysis should be repeated by separating coastal from pelagic species. The latter will show quite different patterns of richness and different overlap patterns.

2\. The analysis is entirely based on IUCN range data which are (as far as I know) largely based on expert opinion. The discussion needs a thorough section on caveats and limitations in this data source. As it, it is treated without any reservations. But it's unlikely that these maps represent current richness, especially for threatened species which are likely to have undergone significant range extensions. I urge the author to think about how these limitations may have impacted their analysis.

Minor comments:

L41 .. other dimensions of interpretations (not sue what is meant here, revise wording)

L80/81; Please update those figures to 2020 using WCMC data base, MPA Atlas or both

Introduction is well written and comprehensive, could be tightened up a bit

Figure 1 is hard to read and understand, please think about ways to improve clarity.

\*\*\*\*\*\*\*\*\*\*

6\. PLOS authors have the option to publish the peer review history of their article ([what does this mean?](https://journals.plos.org/plosone/s/editorial-and-peer-review-process#loc-peer-review-history)). If published, this will include your full peer review and any attached files.

If you choose "no", your identity will remain anonymous but your review may still be made public.

**Do you want your identity to be public for this peer review?** For information about this choice, including consent withdrawal, please see our [Privacy Policy](https://www.plos.org/privacy-policy).

Reviewer \#1: No

Reviewer \#2: No

\[NOTE: If reviewer comments were submitted as an attachment file, they will be attached to this email and accessible via the submission site. Please log into your account, locate the manuscript record, and check for the action link \"View Attachments\". If this link does not appear, there are no attachment files to be viewed.\]

While revising your submission, please upload your figure files to the Preflight Analysis and Conversion Engine (PACE) digital diagnostic tool, <https://pacev2.apexcovantage.com/>. PACE helps ensure that figures meet PLOS requirements. To use PACE, you must first register as a user. Registration is free. Then, login and navigate to the UPLOAD tab, where you will find detailed instructions on how to use the tool. If you encounter any issues or have any questions when using PACE, please email us at <figures@plos.org>. Please note that Supporting Information files do not need this step.
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Response to the editor and reviewer are provided in the \'Response to Reviewers\' document that was uploaded and are also outlined below:

Additional Editor Comments (if provided):

This paper is generally well written, and both reviewers and I agree that it presents an interesting analysis. Both reviewers brought up important points that must be addressed. In addition to these, I found a few minor issues:

Lines 33-34: Most of these locations aren\'t particularly useful, especially for countries that have coastlines in more than one ocean. Please be more specific.

Agreed, changed to: "Areas of congruency at 1° and 5% richest cells contain over half (64%) of all sharks and rays and occurred off the coasts of: (1) Northern Mexico Gulf of California, (2) USA Gulf of Mexico, (3) Ecuador, (4) Uruguay and southern Brazil, (5) South Africa, southern Mozambique, and southern Namibia, (6) Japan, Taiwan, and parts of southern China, and (7) eastern and western Australia."

Line 53: This is circular. You say that \"species-rich\" areas are commonly identified, but then suggest that other dimensions of the exact same thing might be required. How about \"other indices of conservation values\" or \"other metrics of biodiversity\"?

The idea of this sentence is to highlight that there are different ways of interpreting species richness, but previous work tends to solely focus on total number of species and not other metrics. Sentence changed to: "Global assessments of biodiversity have previously focused on identifying priority areas based on total number of species alone \[10\], however there are other interpretations of species richness that have not yet been explored, such as evolutionary distinctiveness or endemicity."

Line 116: \"were obtained\" should be deleted.

Done.

Lines 249-250: Used \"resulted\" and \"resulting\" in the same sentence. Find a new word to replace one of the \"result-\" words.

Changed to "Increasing the cell size from 1° to 8° led to 13.42% of hotspots being congruent, resulting in a near two-fold..."

Journal requirements:

When submitting your revision, we need you to address these additional requirements:

1\. Please ensure that your manuscript meets PLOS ONE\'s style requirements, including those for file naming. The PLOS ONE style templates can be found at <http://www.plosone.org/attachments/PLOSOne_formatting_sample_main_body.pdf> and <http://www.plosone.org/attachments/PLOSOne_formatting_sample_title_authors_affiliations.pdf>

Manuscript was checked and changes were made where required (i.e. change on line 242 to Fig 5D-F, changing Table 1 to S1 Table, changes made to fix some of the references).

2\. We note that Figures 2-5 and S1-S10 in your submission contain map images which may be copyrighted. All PLOS content is published under the Creative Commons Attribution License (CC BY 4.0), which means that the manuscript, images, and Supporting Information files will be freely available online, and any third party is permitted to access, download, copy, distribute, and use these materials in any way, even commercially, with proper attribution. For these reasons, we cannot publish previously copyrighted maps or satellite images created using proprietary data, such as Google software (Google Maps, Street View, and Earth). For more information, see our copyright guidelines: <http://journals.plos.org/plosone/s/licenses-and-copyright>.

The maps are not copyrighted. Vector files that represent land masses were taken from Natural Earth data (cited as reference 37 in the methods section), and species distribution shapefiles used to create hotspots were taken from the IUCN database (cited as reference 25 and 34 in the methods section). All figures were produced by the authors specifically for this manuscript.

We require you to either (1) present written permission from the copyright holder to publish these figures specifically under the CC BY 4.0 license, or (2) remove the figures from your submission:

1\. You may seek permission from the original copyright holder of Figures 2-5 and S1-S10 to publish the content specifically under the CC BY 4.0 license.

We recommend that you contact the original copyright holder with the Content Permission Form (<http://journals.plos.org/plosone/s/file?id=7c09/content-permission-form.pdf>) and the following text:

"I request permission for the open-access journal PLOS ONE to publish XXX under the Creative Commons Attribution License (CCAL) CC BY 4.0 (<http://creativecommons.org/licenses/by/4.0/>). Please be aware that this license allows unrestricted use and distribution, even commercially, by third parties. Please reply and provide explicit written permission to publish XXX under a CC BY license and complete the attached form."

Please upload the completed Content Permission Form or other proof of granted permissions as an \"Other\" file with your submission.

In the figure caption of the copyrighted figure, please include the following text: "Reprinted from \[ref\] under a CC BY license, with permission from \[name of publisher\], original copyright \[original copyright year\]."

2\. If you are unable to obtain permission from the original copyright holder to publish these figures under the CC BY 4.0 license or if the copyright holder's requirements are incompatible with the CC BY 4.0 license, please either i) remove the figure or ii) supply a replacement figure that complies with the CC BY 4.0 license. Please check copyright information on all replacement figures and update the figure caption with source information. If applicable, please specify in the figure caption text when a figure is similar but not identical to the original image and is therefore for illustrative purposes only.

The following resources for replacing copyrighted map figures may be helpful:

USGS National Map Viewer (public domain): <http://viewer.nationalmap.gov/viewer/>

The Gateway to Astronaut Photography of Earth (public domain): <http://eol.jsc.nasa.gov/sseop/clickmap/>

Maps at the CIA (public domain): <https://www.cia.gov/library/publications/the-world-factbook/index.html> and <https://www.cia.gov/library/publications/cia-maps-publications/index.html>

NASA Earth Observatory (public domain): <http://earthobservatory.nasa.gov/>

Landsat: <http://landsat.visibleearth.nasa.gov/>

USGS EROS (Earth Resources Observatory and Science (EROS) Center) (public domain): <http://eros.usgs.gov/#>

Natural Earth (public domain): <http://www.naturalearthdata.com/>

3\. Please include a copy of Table 1 which you refer to in your text on page 9 and 11-12.

We apologize, Table 1 in the manuscript should be referenced as S1 Table, as part of the Supplementary Materials. Appropriate changes have been made to the manuscript.

\[Note: HTML markup is below. Please do not edit.\]

Reviewers\' comments:

Reviewer\'s Responses to Questions

Comments to the Author

1\. Is the manuscript technically sound, and do the data support the conclusions?

The manuscript must describe a technically sound piece of scientific research with data that supports the conclusions. Experiments must have been conducted rigorously, with appropriate controls, replication, and sample sizes. The conclusions must be drawn appropriately based on the data presented.

Reviewer \#1: Yes

Reviewer \#2: Yes

2\. Has the statistical analysis been performed appropriately and rigorously?

Reviewer \#1: Yes

Reviewer \#2: N/A

3\. Have the authors made all data underlying the findings in their manuscript fully available?

The PLOS Data policy requires authors to make all data underlying the findings described in their manuscript fully available without restriction, with rare exception (please refer to the Data Availability Statement in the manuscript PDF file). The data should be provided as part of the manuscript or its supporting information, or deposited to a public repository. For example, in addition to summary statistics, the data points behind means, medians and variance measures should be available. If there are restrictions on publicly sharing data---e.g. participant privacy or use of data from a third party---those must be specified.

Reviewer \#1: No

Reviewer \#2: Yes

4\. Is the manuscript presented in an intelligible fashion and written in standard English?

PLOS ONE does not copyedit accepted manuscripts, so the language in submitted articles must be clear, correct, and unambiguous. Any typographical or grammatical errors should be corrected at revision, so please note any specific errors here.

Reviewer \#1: Yes

Reviewer \#2: Yes

5\. Review Comments to the Author

Please use the space provided to explain your answers to the questions above. You may also include additional comments for the author, including concerns about dual publication, research ethics, or publication ethics. (Please upload your review as an attachment if it exceeds 20,000 characters)

Reviewer \#1: A review of "Spatially congruent sites of importance for global shark and ray biodiversity"

This manuscript describes important research pertaining to the spatial congruency of marine hotspots for Chondrichthyan species and has timely applications to the development of conservation plans for the 2030 Kunming Targets. In addition to being a valuable contribution to the scientific community, the manuscript is clear, concisely written, and I believe it will be accessible to all PLOS One readers. As such I recommend that this this manuscript should be accepted for publication pending minor revisions, which I have listed here:

\- As per the PLOS One requirements I need to make a note that the data used in this manuscript have not been provided to the reader in the manuscript, supplementary materials, or in a repository (though the authors did explain where the data came from and noted that they will be provided once the manuscript is accepted)

The only data used for this analysis were the distribution maps provided by the IUCN. These maps are published on an open access website and freely available for non-commercial use (<https://www.iucnredlist.org/terms/terms-of-use>), which we have cited appropriately in our manuscript. Therefore, these maps do not need to be provided in a repository.

\- The authors use the terms "congruence" and "congruency" throughout the manuscript, but they are not clearly defined. I think it would improve the readability of the manuscript if the authors would clearly define these terms (e.g. Line 142)

We have added a definition, to the first introduction of the concept in the introduction (lines 117 -- 118 in the marked up document): "Spatial congruence is defined here as the spatial overlap between hotspot areas."

\- Line 67: there may be an extra space between the words "is defined"

This was checked, there is no extra space between the words. However, to be sure, we also checked the whole manuscript for double spaces and corrected all that were found.

\- Lines 69-73: this sentence is a bit of a run-on and is confusing to read so I suggest the authors revise it.

Changed to: "An influential analysis of threatened terrestrial endemics revealed that 44% of all endemic plants and 35% of endemic vertebrates occurred in only 2% of the global land area \[18\], demonstrating how an endemic-centric approach can be incredibly spatially efficient in identifying areas for conservation." We have added punctuation to break up the sentence and reworded for conciseness.

\- Lines 73-74: "species congregations of total species richness" is also confusing to read, I'd suggest the authors rephrase this section of the sentence.

Changed to: "Identifying the geographical areas that harbor species congregations for metrics such as total species richness, evolutionarily distinct species richness, or endemic species richness have resulted in becoming a significant component of the terrestrial conservation agenda \[18,20\]."

\- Line 166: remove words "were obtained"

There was no "were obtained" words at this line reference. However, if they are referring to line 116, that has been updated and removed.

\- Figure 1: I don't believe showing all 9 plots is necessary in the main manuscript. I'd suggest only keeping the plots that are essential to understanding the results (i.e. the 5% plots for each resolution) and to move the remainder of the plots to the supplementary section. Additionally, I think the addition of minor ticks on the y axis would improve readability of these plots.

Figure 1 (now Figure 2) has been updated to include only the 5% plots for all three resolution levels while the other two panels have been moved to the SOM as S3 Fig. Minor tick marks on the y-axis were also added.

\- Line 158: please clarify what resolution you are referring to

This has been updated.

\- Line 169: typo? I think the authors meant 2F

Yes, thank you. It was a typo, corrected to 2F.

\- Figure 2: Unless this is opposed by PLOS One's formatting requirements, I think the addition of subheadings describing each map would help to clarify this figure.

Descriptive subheadings have been added to Figure 2 (now Figure 3), as well as other similar figures (Fig 6).

\- Line 185: Where is Table 1? I suspect this is a typo and it should say S1? If this is not a typo Table 1 was missing from the reviewer materials. Table 1 is also mentioned on lines 236, 241, and 252.

Sorry, this was also a typo, and should have said S1 Table as opposed to Table 1. This has been updated in the manuscript accordingly.

\- Line 195: space missing between "The" and "1.51%"

Thank you. That has been changed and updated.

\- Figure 3 & 4 (and corresponding supplementary figures): I think adding a colour legend to the maps would help to clarify the figures (instead of identifying different colours in individual maps)

A color legend has been added to Figures 3 and 4 (now Figures 4 and 5). Supplementary Figures 1-8 (now Figures 4-11) have also been changed accordingly.

\- Figure 5 (and corresponding supplementary figures): The yellow colour chosen here is hard to see, especially when only a few cells are coloured (such as in East Asia). If the authors could change the colour to something more readable (perhaps a darker orange) it would greatly improve the figures. I think subheading would greatly help here as well (if possible).

Figure 5 (now Figure 6) has been updated to have darker orange colored cells and subheadings. Supplementary Figures 9 and 10 (now Figures 12 and 13) have also been changed accordingly.

Reviewer \#2: Overview:

This paper presents a well-written and very straightforward overlap analysis between different diversity measures for elasmobranchs, i.e. shark, rays and chimeras. It addresses a question that has been asked and answered for other species groups but not yet for elasmobranchs: whether hotspots of species richness also capture evolutionarily distinct, endemic or threatened species reasonably well. The authors find that evolutionary distinctiveness is well captured by total richness, but endemicity less so, and threatened species even less so. This adds to an ongoing discussion about using species richness as a proxy for conservation planning. The authors also identify a few areas where all measures overlap well; although these areas are small in extent they cover almost two thirds (64%) of all elasmobranch species. I think more could be made of this latter finding, which actually surprised me. These results is highly relevant for global conservation planning.

We have added a sentence to the beginning of the discussion to highlight this finding (lines 302-304 in marked up document).

Major concerns:

My two major concerns are as follows:

1\. The analysis is entirely focused on coastal species, because most of elasmobranch diversity is coastal. Earlier work has shown, however, that coastal and pelagic species show very different diversity patterns (e.g. Tittensor et al. 2010, Nature). They also likely face different threats and are managed by different entities (i.e. national governments vs. RFMOs). Therefore I think that the analysis should be repeated by separating coastal from pelagic species. The latter will show quite different patterns of richness and different overlap patterns.

We agree that coastal and pelagic species face different threats and are managed by different entities. However, we flag that the greatest diversity of pelagic species can occur along shelf edges and indeed many pelagic species are also neritic -- occurring on the shelf. Here, our focus is congruency of different richness measures to aid in spatial planning, mainly in EEZs, not the high seas. Hence, we have chosen to retain pelagic species to capture the true richness and evolutionary distinctiveness occurring in the shelf seas.

The analysis was also in essence a global study, however, the low richness and wide ranging nature of species means no hotspots were identified in the pelagic ecosystem. Further, endemic species richness tends to be strictly coastal, meaning that separating the analysis into coastal and pelagic would inevitably drop endemicity from the analysis in the pelagic regions, unless endemicity was defined in a different manner. We have added this detail to the methods in lines 134 -- 137 and the discussion in lines 422-427 of the marked-up document. We have also included three figures (Fig 1 in the manuscript and Figs S1 and S2 in the SOM) that illustrate the spatial distributional patterns of all of the species richness metrics (total richness, evolutionary distinctiveness, endemicity, and the threatened subsets) at the three varying spatial resolutions (1°, 4°, and 8°). These figures are to help visually clarify the global extent of this study, as well as highlight where the hotspot areas are occurring in comparison to the overall distributional pattern for each of the species richness measures.

2\. The analysis is entirely based on IUCN range data which are (as far as I know) largely based on expert opinion. The discussion needs a thorough section on caveats and limitations in this data source. As it, it is treated without any reservations. But it's unlikely that these maps represent current richness, especially for threatened species which are likely to have undergone significant range extensions. I urge the author to think about how these limitations may have impacted their analysis.

We have added a paragraph on the advantages, limitations, and caveats of this data source to the discussion (lines 393 - 420 in the marked-up document). While we recognize there have been range contractions, our approach to identify the historic pattern of richness for each species and demonstrate a baseline understanding of global shark and ray biodiversity.

Minor comments:

L41 .. other dimensions of interpretations (not sue what is meant here, revise wording)

Removed "of interpretations"

L80/81; Please update those figures to 2020 using WCMC data base, MPA Atlas or both

These values have been updated to the UNEP-WCMC and IUCN marine protected planet datafiles accessed through [www.protectedplanet.net](http://www.protectedplanet.net) (reference 21).

Introduction is well written and comprehensive, could be tightened up a bit

The introduction has been tightened up where we saw possible. We have removed redundant sentences (i.e. lines 57-58, 63-64, and 71-72) and made other sentences clearer cut by reducing or changing the vocabulary (i.e. lines 54-57, 79-82).

Figure 1 is hard to read and understand, please think about ways to improve clarity.

Figure 1 has been changed and separated into Figure 2 and S3 Fig from suggestions of reviewer \#1. These suggestions were to break up Figure 1 so that Figure 1a stands alone and Figure 1b,c are presented as a separate figure in the supplementary materials (as S3 Fig) to help improve clarity. We also added minor tick marks on the y-axis as per reviewer \#1's suggestions.

6\. PLOS authors have the option to publish the peer review history of their article (what does this mean?). If published, this will include your full peer review and any attached files.

If you choose "no", your identity will remain anonymous but your review may still be made public.

Do you want your identity to be public for this peer review? For information about this choice, including consent withdrawal, please see our Privacy Policy.

Reviewer \#1: No

Reviewer \#2: No

\[NOTE: If reviewer comments were submitted as an attachment file, they will be attached to this email and accessible via the submission site. Please log into your account, locate the manuscript record, and check for the action link \"View Attachments\". If this link does not appear, there are no attachment files to be viewed.\]

While revising your submission, please upload your figure files to the Preflight Analysis and Conversion Engine (PACE) digital diagnostic tool, <https://pacev2.apexcovantage.com/>. PACE helps ensure that figures meet PLOS requirements. To use PACE, you must first register as a user. Registration is free. Then, login and navigate to the UPLOAD tab, where you will find detailed instructions on how to use the tool. If you encounter any issues or have any questions when using PACE, please email us at <figures@plos.org>. Please note that Supporting Information files do not need this step.

Extra Notes:

\- We have incorporated a paragraph that discusses the considerations of spatial resolution when performing spatial analyses that was not included in the original submission of this paper. We believe it touches on a crucial aspect of spatial analyses that our results are able to highlight and can help direct future research in determining appropriate resolutions to work with (lines 372 -- 391 of marked-up document).
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Spatially congruent sites of importance for global shark and ray biodiversity

PLOS ONE

Dear Dr. Derrick,

Thank you for submitting your manuscript to PLOS ONE. After careful consideration, we feel that it has merit but does not fully meet PLOS ONE's publication criteria as it currently stands. Therefore, we invite you to submit a revised version of the manuscript that addresses the points raised during the review process.

I identified two issues (see below) that must be dealt with before this manuscript can be accepted.

Please submit your revised manuscript by Jul 27 2020 11:59PM. If you will need more time than this to complete your revisions, please reply to this message or contact the journal office at <plosone@plos.org>. When you\'re ready to submit your revision, log on to <https://www.editorialmanager.com/pone/> and select the \'Submissions Needing Revision\' folder to locate your manuscript file.

Please include the following items when submitting your revised manuscript:

A rebuttal letter that responds to each point raised by the academic editor and reviewer(s). You should upload this letter as a separate file labeled \'Response to Reviewers\'.A marked-up copy of your manuscript that highlights changes made to the original version. You should upload this as a separate file labeled \'Revised Manuscript with Track Changes\'.An unmarked version of your revised paper without tracked changes. You should upload this as a separate file labeled \'Manuscript\'.

If you would like to make changes to your financial disclosure, please include your updated statement in your cover letter. Guidelines for resubmitting your figure files are available below the reviewer comments at the end of this letter.

If applicable, we recommend that you deposit your laboratory protocols in protocols.io to enhance the reproducibility of your results. Protocols.io assigns your protocol its own identifier (DOI) so that it can be cited independently in the future. For instructions see: <http://journals.plos.org/plosone/s/submission-guidelines#loc-laboratory-protocols>

We look forward to receiving your revised manuscript.

Kind regards,

William David Halliday, Ph.D.

Academic Editor

PLOS ONE

Additional Editor Comments (if provided):

Thank you for responding to all reviews in such a detailed manner. I am generally satisfied with your responses, but I identified two issues:

1\) In response to Reviewer 1, you stated that because IUCN data are freely available, that you were not required to make your data available. This is not correct, and this is what the reviewer was pointing out. You started with the IUCN data, but then derived multiple data products (i.e. species richness, endemicity, etc) at different spatial resolutions for all species and just for threatened species - essentially all of the data that were used to generate your figures. All of these data products must be made freely available, ideally put in a data repository. Please state explicitly how you will make your data available.

2\) Just one minor typo that I caught in the text: line 405, \"rarely not vetted\" should likely be \"rarely vetted\".

\[Note: HTML markup is below. Please do not edit.\]

\[NOTE: If reviewer comments were submitted as an attachment file, they will be attached to this email and accessible via the submission site. Please log into your account, locate the manuscript record, and check for the action link \"View Attachments\". If this link does not appear, there are no attachment files.\]

While revising your submission, please upload your figure files to the Preflight Analysis and Conversion Engine (PACE) digital diagnostic tool, <https://pacev2.apexcovantage.com/>. PACE helps ensure that figures meet PLOS requirements. To use PACE, you must first register as a user. Registration is free. Then, login and navigate to the UPLOAD tab, where you will find detailed instructions on how to use the tool. If you encounter any issues or have any questions when using PACE, please email PLOS at <figures@plos.org>. Please note that Supporting Information files do not need this step.

10.1371/journal.pone.0235559.r004

Author response to Decision Letter 1

16 Jun 2020

The data used for this analysis were the distribution maps provided by the IUCN. These distributional maps are published on an open access website and freely available for non-commercial use (<https://www.iucnredlist.org/terms/terms-of-use>), which we have cited appropriately in our manuscript. Since we derived multiple data products at varying spatial resolutions from the IUCN databank, we will upload all relevant data (in the form of shapefiles) that were used for the analysis to the primary author's GitHub repository under the name of \"SpatiallyCongruentSites_2020\" once the manuscript has been accepted (<https://github.com/daniellederrickh>).

We also edited the typo found on line 405 and changed the text from \"rarely not vetted\" to \"rarely vetted\".
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PONE-D-20-05961R2

Dear Dr. Derrick,

We're pleased to inform you that your manuscript has been judged scientifically suitable for publication and will be formally accepted for publication once it meets all outstanding technical requirements.

Within one week, you'll receive an e-mail detailing the required amendments. When these have been addressed, you'll receive a formal acceptance letter and your manuscript will be scheduled for publication.

An invoice for payment will follow shortly after the formal acceptance. To ensure an efficient process, please log into Editorial Manager at <http://www.editorialmanager.com/pone/>, click the \'Update My Information\' link at the top of the page, and double check that your user information is up-to-date. If you have any billing related questions, please contact our Author Billing department directly at <authorbilling@plos.org>.

If your institution or institutions have a press office, please notify them about your upcoming paper to help maximize its impact. If they'll be preparing press materials, please inform our press team as soon as possible \-- no later than 48 hours after receiving the formal acceptance. Your manuscript will remain under strict press embargo until 2 pm Eastern Time on the date of publication. For more information, please contact <onepress@plos.org>.

Kind regards,

William David Halliday, Ph.D.

Academic Editor

PLOS ONE

Additional Editor Comments (optional):

Reviewers\' comments:
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23 Jun 2020

PONE-D-20-05961R2

Spatially congruent sites of importance for global shark and ray biodiversity

Dear Dr. Derrick:

I\'m pleased to inform you that your manuscript has been deemed suitable for publication in PLOS ONE. Congratulations! Your manuscript is now with our production department.

If your institution or institutions have a press office, please let them know about your upcoming paper now to help maximize its impact. If they\'ll be preparing press materials, please inform our press team within the next 48 hours. Your manuscript will remain under strict press embargo until 2 pm Eastern Time on the date of publication. For more information please contact <onepress@plos.org>.

If we can help with anything else, please email us at <plosone@plos.org>.

Thank you for submitting your work to PLOS ONE and supporting open access.

Kind regards,

PLOS ONE Editorial Office Staff

on behalf of

Dr. William David Halliday

Academic Editor

PLOS ONE
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